Directed evolution has matured to a routinely applied algorithm to tailor enzyme properties to meet the demands in various applications. In order to free directed enzyme evolution from methodological restraints and to efficiently explore its potential, many different strategies have been used in directed evolution campaigns. Analysis of directed evolution campaigns reveals that traditional approaches, in which several iterative rounds of diversity generation and screening are performed, are gradually replaced by strategies which require less time, less screening efforts, and generate a molecular understanding of the targeted properties. In this review, conceptual advances in knowledge generating directed evolution strategies are summarized, compared to each other and to traditional directed evolution strategies. Finally, a 'KnowVolution' (knowledge gaining directed evolution) termed strategy is proposed.
Introduction
Several excellent reviews [1] [2] [3] [4] [5] [6] have been published on directed protein evolution covering advances and remaining challenges in enabling technologies (diversity generation, high-throughput screening, and modelling) and lessons learned from many successful directed evolution campaigns. In the first slow pick up phase, the number of directed evolution reports from the late 1960s (extracellular evolution of a self-replicating nucleic acid molecule 7 ) to approximately 1996 was less than 40 according to ISI Web of Science (Core collection; search term ''Directed Evolution''). Until 2006, a rapid boom in the field was observed (B320 reports in 2006), followed by slowdown in growth to around 450 reports per year since 2012 (2012: B450; 2013: B480; 2014: B450). Nowadays, protein engineering by directed evolution has become a standard method to tailor enzyme properties in academia and industry (mainly for biocatalysis 8 purposes). Novel application fields in material science 9 and medical science [10] [11] [12] will likely lead to a further growth in directed evolution reports despite that the development time for improving enzymes by directed evolution is often still too long to be implemented as a standard operation in process development.
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Till today most directed evolution campaigns are performed in a traditional manner, in which usually random mutagenesis libraries are generated through epPCR with low mutation frequencies (1 to 3 mutations per 1000 bp) and screened (MTP format; often 1000-2000 variants) in order to obtained improved variants. Gene(s) encoding the best or the best few variants are then isolated and used in an iterative process for the next round of directed enzyme evolution; often Z4 rounds are required to achieve significant improvements. Improved variants can usually be found after screening of a few thousand clones, which represent only a negligible fraction of theoretical protein sequence space (e.g. a peptide with 6 amino acids can be composed of 64 million different variants). Being able to find improved variants in a few thousand variants was a great success, which has resulted in a lot of excitement and expectations. Meanwhile it was overlooked that directed evolution campaigns got hit by the experimental setup (bias of polymerase in diversity generation; the number of screened variants) which determines, in a similar manner to Heisenberg's observer effect, the outcome of directed evolution experiments. The excitement and result-oriented view is exemplarily summarized in a research news article in 1998 entitled ''When blind is better: Protein design by evolution''. 13 Retrospectively, we have to ask what have we learned from thousands of success stories in directed evolution? If we are honest, only a few lessons and experimentally derived rules/trends were reported such as ''you only get what you screen for''. 14 A molecular understanding of improved enzyme properties and underlying principles to reengineer enzymes was usually not pursued. In the last ten years directed evolution matured, since there are more and more researchers excited to understand improvements of enzyme properties on the molecular level, and to discover the underlying interaction principles. In this review, we summarized advances in knowledgegenerating directed evolution strategies which aim to generate a deeper molecular understanding of enzyme properties and compared them to each other as well as to traditional directed evolution. We thereby aim to summarize the state of the art for experimentalists and to equip them with information to design efficient directed evolution strategies for their specific directed evolution case. This review does not summarize the advances in the development of new screening/selection systems and the de novo synthesis of enzymes combined with directed evolution, which have been excellently summarized in recent reviews [15] [16] [17] and articles. 18, 19 
Protein evolution strategies
This review is divided into three parts: traditional directed evolution, sequence and/or structure based enzyme evolution strategies as well as emerging combined strategies. Traditional directed evolution has been successfully used thousands of times to improve enzyme properties. The traditional directed evolution campaign is goal-oriented and does not usually result in a molecular understanding of the obtained improvement. Sequence and/or structure based strategies have been developed in the past decade to make directed protein evolution faster and more efficient by taking better advantage of available structural and sequence information. Combined strategies, such as CASTing, FRESCO, ProSAR, MORPHING, and KnowVolution, aim to improve enzyme properties with minimized screening efforts and gain a molecular understanding of improved properties. Deciphering molecular principles that determine enzyme properties delivers on the long run valuable knowledge to guide protein engineering campaigns.
Traditional directed evolution
Traditionally, directed evolution includes iterative rounds (often Z4) of diversity generation (usually epPCR) with a mutation frequency of 1 to 3 mutations per 1000 bp and screening. 20 Microtiter plates are classically used as screening formats and often 1000-2000 clones are screened per one round of directed evolution. Gene(s) encoding either the best or the best few variants are used for the subsequent round of directed evolution and significantly improved enzymes often containing 6 to 12 substitutions. 21 The latter makes it in general difficult to elucidate the role of each amino acid substitution and to gain a molecular understanding of the improved properties. Furthermore, many amino acid exchanges are, due to statistical reasons and as a consequence of polymerase bias as well as the number of screened clones, located on the protein surface, and cannot be analyzed computationally (require ms of MD-simulation time). It has therefore been a puzzling question why beneficial variants can be found after screening of only a few thousand clones which represent a negligible amount of the theoretically possible diversity. A detailed analysis of 3000 mutations in the lipase gene bsla, which were generated using three random mutagenesis methods (1000 mutations each: epPCR-low, 1000 PCR-high, and SeSaM-Tv P/P) and their comparison to a site saturation mutagenesis (SSM) library of bsla which covers the natural diversity at each amino acid position of BSLA (in total 181 positions), yielded first
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experimental and quantitative data on the obtainable diversity. 22, 23 The SSM-BSLA library was generated in 181 site saturation mutagenesis experiments, subsequent sequencing of 18 547 clones and subsequent site-directed mutagenesis experiments to obtain missing substitutions and to ensure that the full natural diversity is available. 23 BSLA resistances towards an ionic liquid [C 4 mim][TfO] were studied by screening the SSM-BSLA library and in total 292 beneficial substitutions at 104 different amino acid positions were identified. Among the beneficial positions, 15 positions were obtained by epPCR-low and 18 by epPCR-high, which proved that B80% beneficial amino acid positions were missed in a traditional directed evolution experiment with BSLA (partially unpublished data). 22 To increase the quality of mutant libraries (e.g. more diversity at the protein level, control over biases) and to simplify procedures, new diversity generating methods 2 were developed in the last 5 years, such as TRINS 24 (tandem repeat insertion) and SeSaM-Tv-II 25 (sequence saturation mutagenesis). Furthermore, computational tools which assist research in their directed evolution campaigns by in silico analysis of the generated diversity have been reported (e.g. MAP 26 and PEDAL-AA 27 ). Thereby, mutational biases can for instance be varied in the iterative round of evolution or randomization strategies for library constructions (Codon Calculator 27 and AA-Calculator 27 ) can be used, and the saturation mutagenesis experiment (TopLib 28 ) can be designed. Such computer-aided tools for directed protein evolution have well been reviewed by Roccatano et al. 29 
Sequence-and/or structure-based protein evolution strategies
In the last few years, structure-based and sequence-based semirational strategies have been developed and successfully applied in improving enzyme properties. These strategies utilize information on protein sequences, structure-function relationships, as well as computational predictive algorithms to preselect promising amino acid positions for property improvements. In most cases, the focus is on identifying a small number of amino acid positions (4-50 positions) to reduce library sizes and time requirements for protein reengineering.
2.2.1. Structural analysis based protein evolution strategy. Highlights of structural analysis-guided directed protein evolution strategies comprise SCOPE, CASTing, PTRec, and FRESCO. SCOPE (structure-based combinatorial protein engineering) 30 is based on the concept of exon shuffling and generates multiple crossover libraries from distantly related genes. The strategy SCOPE was successfully used to evolve two DNA polymerases (rat DNA polymerase beta (Pol b) and African swine fever virus DNA polymerase X (Pol X)). Both polymerases share similar folds but differ in size (Pol b-335 vs. Pol X-174 amino acid residues) and have a low sequence identity (18%). 30 Corresponding 'structural elements' in Pol X were identified based on an analysis of a homology model of Pol X and a sequence alignment between Pol b and Pol X. Libraries of chimeric genes were synthesized in a series of PCRs employing hybrid oligonucleotides that code for variable connections between structural elements. As a result, several novel DNA polymerases with an enhanced complementation phenotype were finally identified. 30 CASTing (combinatorial active-site saturation test) uses the information derived from structural/functional data to identify amino acids in the substrate binding pocket, which are subsequently and in a sequential manner subjected to mutagenesis (usually site-saturation and multi-site saturation with one primer based on the QuikChange mutagenesis method). The selected positions are located in the enzyme's binding pocket in order to usually improve the activity and selectivity of targeted enzymes. 31 One prominent example is the lipase from Pseudomonas aeruginosa, in which five sets of amino acid pairs are located in the binding pocket and in close proximity to each other. In each of the five libraries, two amino acid positions were saturated simultaneously and the hydrolytic activity of the lipase was significantly enhanced for 11 esters. 31 A further highlight is the epoxide hydrolase from Aspergillus niger (ANEH) with an increase in the E value (10.8 to 115 for hydrolysis of glycidyl phenyl ether) after five rounds of site saturation mutagenesis. 32 The PTRec (phosphorothioate-based DNA recombination) approach was developed for the combinatorial assembly of multiple DNA fragments with rationally preselected cross-over points and can be used for recombining genes with less than 50% sequence identity on the protein level. 33 PTRec includes four experimental steps: (1) amplification of individual domains with primers harboring 12 subsequent phosphorothioated nucleotides, (2) multiple chemical cleavage of phosphorothioated nucleotides to generate single-stranded overhangs (12 nts) at crossover points, (3) recombination and hybridization of all DNA fragments in a single tube, and (4) transformation into bacterial cells without further purification. As proof of concept, a recombination library with three phytase genes (with less than 50% sequence identity) and four crossover points was generated. Sequencing of 42 phytase genes confirmed a nearly equal distribution of recombined domains without frameshifts. In all 42 cases, the recombined domains were in the expected order. PTRec is a ligase-free and restriction site-independent method which enables recombination of more than two genes and requires only 4 identical amino acids to define a crossover point. The latter enables to efficiently recombine genes at much lower sequence identity than random recombination methods such as gene-shuffling 34 or the StEP (staggered extension process). 35 Gene shuffling requires at least 80% sequence identity 36 to generate B0-3 crossover points, and even the most diverse random recombination methods such as ITCHY, 37 and SCRATCHY 38 generate at 50% sequence identity B0-3 crossover points and are limited to two genes. 36 FRESCO (framework for rapid enzyme stabilization by computational library strategy) 39 was developed for targeting enzyme stability. FRESCO identifies potential amino acid positions and individual amino acid substitutions using the programs Rosetta and FoldX. Substitutions will be analyzed in terms of free energy changes (DDG Fold o À5 kJ mol À1 or DDG Fold ) in the range of À5 to +5 kJ mol À1 . As a general trend, one could observe that amino acid substitutions that belong to certain types (i.e. XXX to Arg, XXX to Pro, and Gly to XXX) are often observed to improve thermal resistance of enzymes. Disulfide bonds will also be considered and conformational space of the enzyme backbone will be analyzed to ensure sufficient flexibility, thereby maintaining a high activity.
Orthogonal in silico screening steps will be performed next, to exclude substitutions that are chemically unreasonable (e.g. a surface exposed hydrophobic side chain or an unsatisfied H-bond donor or acceptor) or are predicted to increase enzyme flexibility. After the selection, the predicted potentially beneficial substitutions will be subjected to MD simulations to exclude mutations that increase the local flexibility of the targeted enzyme. At last, the selected amino acid positions will be subjected to site directed mutagenesis (SDM) and subsequent screening. Obtained beneficial substitutions will be recombined subsequently using SDM. Using FRESCO, the thermostability of a limonene epoxide hydrolase (LEH) 39 was significantly increased (T m increase by 25 1C) with minimal screening efforts (only 64 variants were experimentally screened). In the case of the haloalkane dehalogenase LinB, 40 the T m was increased by 23 1C with an over 200-fold prolonged half-life at 60 1C after screening of o80 clones.
Furthermore, a number of useful computational programs (e.g. SiteComp, 41 3DLigandSite, 42 and ProBiS-ligands 43 ) were developed for the analysis of ligand binding sites in proteins and have been reviewed. 44 2.2.2. Sequence based protein evolution strategy. Multiple sequence alignments (MSA) represent a common approach to identify functionally significant or evolutionarily variable amino acids or regions in a protein. MSA-based methods like ConSurf 2010 45 have been intensively summarized in other reviews. 29, 46 The REAP (reconstructed evolutionary adaptive path) is a notable highlight, and exploits sequence data from ancestral proteins for the generation of focused and functionally enriched libraries. 47 In an example of evolving DNA polymerase, Chen et al. explored the split in the phylogenetic tree of the DNA polymerase family A into viral and non-viral subgroups to identify mutations in gene sequences that emerged during functional divergence from a common universal ancestor. Viral polymerases are known for their broad substrate promiscuity compared to non-viral enzymes; hence differences in the sequences of the predicted ancestral polymerase at an evolutionary branching point were postulated to account for substrate specificity changes without reducing catalytic performance. By comparing the sequence information of viral polymerases with non-viral polymerases, a library of only 93 Taq variants targeting 35 amino acid positions close to the active site were screened and yielded eight variants with improved ability to accept dNTP-ONH 2 as substrates.
2.2.3. Structure and sequence based protein evolution strategy. Combining structural analysis and sequence information has further been used to identify functionally important residues. Broadly and successfully applied software packages are among others, 3DM 48 and HotSpot Wizard. 49 A further interesting structure-sequenced based approach was used to alter the pH profile of proteases through surface charge engineering. 50 The 3DM 48 information system performs structure based multiple sequence alignments (MSA) of the members from a protein superfamily and provides information of structurefunction relationships 51 which is collected from PDB, GenBank, PubMed and Swiss-Prot. Notably, the enantioselectivity of a Pseudomonas fluorescens esterase was improved by simultaneous multi-site saturation at four amino acid positions, resulting in the identification of variants with improved activity (up to 240fold) and increased enantioselectivity (up to E true = 80) towards 3-PBA-ethyl ester. 52 HotSpot Wizard 49 integrates several bioinformatics databases for evolutionary analysis and computational tools for structural analysis, representing an efficient approach to identify highly conserved sites and potential positions/substitutions which can be altered to improve substrate specificity, activity or enantioselectivity. For instance, six potential positions that influence the activity of NfsB (bacterial type I nitroreductase) towards 7-aminobenzodiazepine production (clinical sedative hypnotic drugs) were identified using the HotSpot Wizard. 53 SDM experiments showed that especially the positions N71 and F124 were beneficial; the combined substitutions N71S/F124W yielded a variant with increased production under anaerobic (290 ng vs. 51 ng(WT)) and aerobic (348 ng vs. 30 ng(WT)) conditions. 53 More examples can be found in the review. 54 A combined (sequence-structure) based strategy for shifting pH-activity profiles and pH optima through surface charge engineering was reported for a high alkaline protease (Bacillus gibsonii alkaline protease (BgAP)) by Jakob et al. 50 Nine residues (Asn and Gln) were identified on the BgAP surface, which fulfill all three defined selection criteria (i. the Asn or Gln residues are not conserved within the enzyme family, ii. are surface exposed, and iii. neighbored by glycine which promotes spontaneous deamidation 55 ). Eight positions were finally selected to substitute Asn and/or Gln by the corresponding Asp and Glu since one position was closed to N-terminus. Seven out of 8 variants showed a higher activity at pH 8.6 and a final variant (N253D/ Q256E) had a shift in pH optimum by 1.5 units and a doubled activity at pH 8.5 when compared to BgAP WT.
Conceptual comprehensive directed evolution strategies with combined methods
Comprehensive protein engineering strategies for directed evolution with combined methods are currently emerging. All have in common to reduce experimental efforts in high-throughput screening and thereby gain a molecular understanding of the improved properties. Highlights comprise the ProSAR strategy, the MORPHING strategy, and the KnowVolution strategy, which we propose based on several successful directed evolution campaigns.
The ProSAR 56 (protein sequence activity relationship analysis based strategy) is an iterative process of diversity generation (random mutagenesis, site saturation mutagenesis, and gene shuffling), screening followed by statistical analysis on sequenceactivity datasets derived from one or more combinatorial libraries per round. The sequence-activity data, obtained from the previous library screening and sequencing, are used to build a statistical model that assigns a regression coefficient to each substitution corresponding to the impact of substitutions on the activity. The ProSAR approach enables improvement by the combination of substitutions that do not substantially improve an enzyme property individually. Using the outlined strategy, a halohydrin dehalogenase was successfully improved (4000-fold augmented volumetric productivity in the synthesis of the side chain of atorvastatin (Lipitor)). 56 It is difficult without detailed insights to evaluate the amount of data and experimental effort required to obtain statistical-relevant datasets for a successful ProSAR analysis. MORPHING 57 (mutagenic organized recombination process by homologous in vivo grouping) combines structural analysis with random mutagenesis and enables the random introduction of mutations in specific protein segments in one-pot. Firstly, the gene encoding the targeted enzyme is analyzed and divided into two categories of fragments: (1) fragments that are subjected to random mutagenesis and (2) fragments that are not mutagenized. At the 5 0 and 3 0 -end of the fragments, B50 bp long sequences are introduced through PCRs to ensure an efficient homology recombination of the fragments. MORPHING was validated by Alcalde and co-workers in two case studies employing a versatile peroxidase (VP) and an unspecific peroxygenase (UPO). For example, in the case of VP, three fragments of the target areas were mutated by random mutagenesis (mutation loads: 1 to 5 mutations per segment) and three fragments were amplified by a high-fidelity polymerase. The assembly of these segments in three consecutive rounds of homologous recombination and screening yielded the 3G10 variant which showed a 2.1-fold improvement in stability in the presence of H 2 O 2 and a 5.5 1C increase in the T 50 . 57 KnowVolution, knowledge gaining directed evolution, comprises four phases (see Fig. 1 ). In phase I, a standard directed evolution experiment is performed followed by sequencing of at least 20 of the most beneficial variants (depending on the gene length and the mutation frequency). As an outcome, around 12 positions should be identified that potentially contribute to the improved properties. Beneficial amino acid exchanges are thereby often clustered in close proximity within two to three regions of the targeted protein. In phase II, B12 selected positions of phase I are subjected to saturation mutagenesis. Often less than 50% of the saturated positions contribute to the improvement of the targeted properties. Since the random mutagenesis methods usually generate 0 to 4 amino acid substitutions per amino acid position, 58 one would expect that saturation mutagenesis should nearly always yield more improved variants. The latter is however not the case since usually 2 to 3 of five saturated positions yield further improvements. Sequencing is again performed at each saturated position (B16 clones sequenced if beneficial variants are found; fewer if no beneficial variant is found in order to ensure that the site-saturation mutagenesis experiment worked well (no wild-type background or faulty primer)). Subsequent analysis of the obtained amino acid substitutions provides insights into the type of chemical interaction (charge, size, H-bond, and hydrophobicity) which contributes to the improvement of the targeted properties. The site saturation experiments should yield 4 to 6 amino acid positions with known substitution that Further iterative rounds of the KnowVolution strategy (see Fig. 1 ; identification (phase I), determination (phase II), selection (phase III) and recombination (phase IV)) can be performed to further improve targeted enzyme properties. Table 1 summarizes 6 case studies in which KnowVolution and related strategies were used in protein engineering. In all cases, potentially beneficial positions (phase I) were identified in one to three random mutagenesis experiments employing diversity generation epPCR and/or SeSaM and subsequent screening of 1056 to 6800 clones per round of directed evolution. In total 2000 to 12 700 clones were screened. In all cases, 11 to 19 potentially beneficial positions were identified and subsequent site saturation mutagenesis (phase II) yielded 4 to 9 amino acid positions which improved a targeted property. As a general trend, one could observe that the number of potentially beneficial positions is usually Z2 times higher than the number of positions which finally contributed to a significant property improvement in phase II. The recombination of beneficial substitutions (phase IV) was performed after structural inspection via OmniChange 59 (simultaneous site-saturation mutagenesis; 2 examples: case 1-GOx and case 2-Ymphytase) and site directed mutagenesis (4 examples: case 3-BgAP, case 4-PpADI, case 5-subtilisin E and case 6-CelA). In most cases, four to six amino acid exchanges were sufficient to obtain dramatic improvements in targeted properties (case 1: GOx V7 with four substitutions displayed 37-fold decreased oxygen dependency; case 3: BgAP MF1 with six substitutions showed over 100 times prolonged half-life at 60 1C, and case 5: subtilisin E M6 harboring six substitutions exhibited a 193-fold increased half-life in 1 M GdmCl).
Case 1. Reengineering of glucose oxidase (GOx) for amperometric glucose determination by reducing oxygen dependency and increasing specific activity. GOx from Apergillus niger has been used in amperomentric systems for diabetes care to determine the b-D-glucose concentration in blood. 60 The activity of GOx is highly dependent on oxygen which makes it difficult to determine with one enzyme b-D-glucose levels in arterial and venous blood. By employing the KnowVolution strategy, Gutierrez et al. 61 gained a molecular understanding of (a) increased specific activity for the mediator (quinone diimine) and (b) the oxygen binding site. In two random mutagenesis experiments (1Â epPCR followed by 1Â SeSaM), 13 potentially beneficial sites were identified to increase specific activity or reduce oxygen dependency (phase I). Individual site saturation mutagenesis yielded four beneficial positions (A173, A332, F414, and V560), in which some substitutions (e.g. A332S, V560A) contributed to decreased oxygen activity and slightly increased mediator activity (phase II). Structural analysis showed that these four positions clustered around the FAD domain and at the entrance of a putative oxygen channel (phase III). The final variant GOx V7 (A173V/A332S/F414I/ V560T) with a 37-fold decreased oxygen dependency was obtained from an OmniChange library by screening only 2112 variants (phase IV). Computational analysis and individual SSM experiments revealed on the molecular level several structural determinants. The position V560, next to FAD in the substrate binding pocket, is important for 'oxygen activity' and substitutions to L, P or T drastically reduced oxygen activity. Position F414 is responsible for increased mediator activity by substitutions from F to M, V, L or I. F414 is located at 8.2 Å above the FAD in the substrate binding pocket and involved in b-D-glucose binding, which indicated that the mediator can directly bind in the binding pocket to reoxidize FADH 2 efficiently. The substitutions on A173 (located on the surface of GOx) and A332 (located at the substrate entrance channel) lead to an increased activity (up to 3-fold).
Case 2. Reengineering of the phytase (Ymphytase) for improved thermal resistance, pH stability, and increased specific activity. Ymphytase (47 kDa) from Yersinia mollaretii is a feed supplement in animal (e.g. pigs) feeding for improving phytaterich diets by catalyzing the hydrolysis of phosphate from phytic acid. 70 Phytases have to withstand a heat incubation step during the pelleting process. Shivange et al. 62, 63 used the 'KnowVolution' strategy to improve and to gain a molecular understanding of (a) thermal resistance and (b) specific activity of Ymphytase. In phase I, two random mutagenesis libraries were generated (epPCR and SeSaM), in total 9150 clones were screened and 9 potentially beneficial positions were identified. Subsequently, in phase II, individual site saturation mutagenesis to identify the beneficial positions was performed and five positions (D52, T77, K139, G187, and V298) were discovered that were either beneficial for improving the thermal resistance or enhancing the specific activity. Computational analysis showed that D52 is located next to the active site loop (S42-T47), K139 is located on the
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This journal is © The Royal Society of Chemistry 2015 Table 1 Six case studies in which KnowVolution and related strategies were performed in order to gain a molecular understanding of targeted properties. The six case studies comprise a glucose oxidase from A. niger, a phytase from Y. mollaretii, an alkaline protease from B. gibsonii, an arginine deiminase from P. plecoglossicida, a serine alkaline protease from B. subtilis and a cellulase CelA2 isolated from a metagenomic library. Ymphytase surface, G187 is in the a-domain and V298 is located on a helix in the ab-domain and surrounded by hydrophobic amino acids (phase III). In phase IV, an OmniChange library of these five positions was generated and screening of 1100 clones yielded a variant Omni1 that showed a 41 U mg À1 improved activity, a 2 1C increased T m and a 2-fold higher pH stability (at pH 2.8). 63 Furthermore, MD simulation analysis of Ymphytase WT and Omni1 revealed that a strengthened the hydrogen bonding network (e.g. G187S, K289E/K289Q) and a salt-bridge (T77K) reduced the overall dynamics of Ymphytase, especially the flexibility in the loops (loop-B4: L92-T102, loop-K10: Q304-Q317, and loop-J1: N247-P252) located next to helices (B, F, and K). Interestingly, the local flexibility in the active site loop (S42-T47) was increased by the substitution D52N, which likely contributed to the higher specific activity. Case 3. Reengineering of the alkaline protease (BgAP) for increased activity at low temperatures (15 8C) . BgAP (27 kDa) from Bacillus gibsonii is a high-alkaline protease and attractive for laundry applications. Proteases with improved specific activities at 20 1C and 40 1C would enable consumers to reduce washing temperatures, energy consumption, and CO 2 emissions. Improving the specific activity of BgAP at low temperatures has to be performed without losing BgAPs' storage stability which correlates well to its thermal resistance. Martinez et al. 64 used the KnowVolution strategy to improve (a) specific activity of BgAP at low temperatures and (b) to increase its thermal resistance. Three iterative rounds of random mutagenesis with SeSaM yielded 11 potential substitutions after screening of 12 700 clones (phase I). In phase II, 6 out of 11 beneficial amino acid positions were identified by performing saturation mutagenesis. Structural inspection (phase III) resulted in grouping the positions into two subsets. One subset contained the two positions (I21 and M122) which were close to the active site of BgAP, whereas S39, N74, D87, and N253 were placed in the other subset (located at the surface of BgAP). Recombination (phase IV) of two subsets of these substitutions using SDM resulted in the final variant MF1 with a 1.5-fold increased specific activity at 15 1C and 4100-times prolonged half-life at 60 1C (224 min compared to 2 min of the WT BgAP). The four surface amino acid positions were mutated to negatively charged amino acids (Glu and Asp). In the final variant MF1 (S39E, N74D, D87E, and N253D), a high activity and high thermal resistance of BgAP could be obtained.
Case 4. Reengineering of the arginine deiminase (PpADI) for increased activity under physiological conditions. PpADI from Pseudomonas plecoglossicida is an arginine-metabolizing enzyme and a potential anti-tumor enzyme for treating arginineauxotrophic tumors such as hepatocellular carcinomas (HCCs) and melanomas. 71 Zhu and Cheng et al. 11, 65, 66 used the 'Know-Volution' strategy to improve PpADI's specific activity at low arginine concentrations (0.1 mM under physiological conditions in blood) and to gain molecular understandings to shift the pH-optimum and to decrease the S 0.5 ('K m ') value of PpADI. In phase I, three iterative rounds of epPCR and one round of SeSaM were performed and in total 9300 clones were screened. Screening yielded 13 potentially beneficial substitutions for decreased S 0.5 ('K m ') values or increased k cat values. Subsequent SSM (phase II) results showed that 6 positions were responsible for increased activity of PpADI under physiological conditions. Structural inspection (phase III) showed that the positions of K30, C37, D44E, and H404R are located on two loops (loop 1 (from R30 to I46) and loop 4 (from 393 to 404)) which are next to the active site and undergo a conformational transition upon arginine binding; 72 positions L148 and E296 were located at the interface between two monomers of PpADI. The identified beneficial substitutions from SSM libraries were recombined one by one using SDM (phase IV), and resulted in final variant PpADI M19 with a 105.5-fold higher k cat , reduced S 0.5 (1.3 mM (WT) to 0.35 mM), and a pH optimum shift from 6.5 to 7.5. Computational analysis and individual substitution experiments identified on the molecular level several structural determinants. The substitutions on the loops 1 and 4, for example C37R, lead to an increase in flexibility of the side chain of a gating residue R400 (break of a hydrogen bond between H38 and R400) and are important for the specific deiminase activity. The pH-optimum of PpADI could be shifted by a histidine to arginine substitution (H404R). Interestingly, two substitutions (L148P and E296K) located at the interface of the dimeric PpADI can yield nearly exclusive PpADI tetramers with a lowered S 0.5 value. Recently, a 'KnowVolution' derived strategy was employed to improve the thermal resistance 73 of PpADI and proved that several properties of PpADI can be improved.
Case 5. Reengineering of the protease subtilisin E for improved tolerance towards chaotropic salts. Subtilisin E (36 kDa) from Bacillus subtilis was identified to possess a high resistance toward chaotropic salts. In order to efficiently extract DNA from blood samples, proteins have to be efficiently degraded in the presence of high guanidinium chloride concentrations (GdmCl; 1 M). 74 Li et al. used the KnowVolution strategy to improve subtilisin E's resistance against GdmCl. 67, 68 In phase I, three random mutagenesis libraries were generated (2 Â epPCR and 1 Â SeSaM) and after screening of 3900 clones, 10 potentially beneficial positions were identified. Saturation mutagenesis at each position of the wild-type subtilisin E (phase II) yielded four positions which contributed to improved chaotolerance. All the four beneficial positions were either located in close proximity to the substrate binding pocket or on the surface. Finally, the variant M6 generated by combination of the most beneficial single substitutions showed a significantly improved activity and resistance in the presence of 1 M GdmCl (half-life increased 193fold from o2 min to 385 min (phase IV)). Finally, MD simulations suggested that Gdm + binding happens in two stages: firstly an interaction with His64 which results in the displacement of His64 and secondly a tighter binding of Gdm + close to the active site. The obtained substitution S62I prevents His64 displacement and Gdm + disturbance within the active site. 68 Case 6. Reengineering of the cellulase (CelA2) for improved resistance towards ionic liquids (ILs), deep eutectic solvents (DES) and concentrated seawater. Cellulase CelA2 (69 kDa; GenBank: JF826524.1) was isolated by Prof. Streit's group from a metagenomic library for the degradation of cellulose and hemi-cellulose in the presence of ionic liquids (ILs), deep eutectic solvents (DESs) or concentrated seawater as solvents. A KnowVolution strategy was pursued in order to further improve CelA2 resistance in the presence of ILs (e.g.
[BMIM]Cl), DES (e.g. ChCl: Gly) and concentrated seawater. In phase I, a random mutagenesis library with high mutation frequency was generated, screened (2000 clones), and 6 potentially beneficial positions were identified in the variant 4D1. Only one position, position 288, significantly contributed to the improved IL, DES, and seawater resistance (phase II). Structural analysis (phase III) and further site saturation experiments yielded three positions (A285, H288, and S300). 75 The beneficial positions are mainly located at the entrance of the active site and in close proximity to the modelled substrate. Specific activities were 7.5-fold increased in 30% (v/v) ChCl: Gly (0.4 to 3.0 U mg À1 ) and 1.6-fold in concentrated seawater (5.5 to 9.3 U mg À1 ). As a highlight a CelA2 variant which is nearly inactive in buffer and activated upon supplementing salt was discovered. The substitution to Arg300 forms with Asp287 a salt bridge next to the active site. When the salt bridge is formed, CelA2 becomes nearly inactive. Supplement of IL, DES, and saltwater neutralizes the salt bridge and activates CelA2. MD simulations supported that Arg300 acts as a key residue for the ionic strength activation. 75 Main lessons from KnowVolution cases are that in phase II (determination) less than half of the positions from phase I contribute to property improvement and that significant improvements can be achieved by site saturation mutagenesis (phase II) in all six KnowVolution campaigns which are comparable to improvements from a whole round of directed evolution. In phase IV (recombination), further significant improvements can be achieved in five of the six examples so that the project objectives were already achieved in all examples after a single round of KnowVolution. One further important lesson is that limiting the number of amino acid substitution through phase II is crucial to not reduce the 'application' fitness of the evolved enzyme (e.g. storage stability, thermal resistance, process performance).
Comparison of the methods for recombining amino acid substitutions
The above mentioned examples demonstrated the success of the KnowVolution strategy for improving enzyme properties of five hydrolases (specific activity, thermal resistance, IL/DES resistance, and substrate affinity) and a glucose oxidase (specific activity; oxygen dependency). A key issue in the KnowVolution approach is the recombination strategy of beneficial substitutions in phase IV. In cases 1 (GOx) and 2 (Ymphytase), multi-site saturation mutagenesis using OmniChange 59 was performed at 4 or 5 positions. After screening of only r3000 clones, significantly improved variants were obtained, e.g. GOx variant V7 (37-fold decreased oxygen dependency; 5.7-fold improved activity). In these two cases (1 and 2), the most beneficial variant carried different substitutions compared to the ones identified in the individual site saturation mutagenesis libraries. For instance, GOX V7 (A173V/ A332S/F414I/V560T) showed a B3.5-fold improved oxygen and mediator activity compared to the individual best variant V01 (A173T). This indicates that simultaneous multi-site saturation mutagenesis yields novel substitutions to exploit potential cooperative effects. SDM was performed in cases 3 to 6 to recombine beneficial substitutions. In cases 3, 4, 5, and 6, substitutions were introduced one by one after all the individual SSM libraries and their subsequent screening. In case 5, the SSM libraries and subsequent SDM recombinations were performed in between rounds of random mutagenesis. Selection of recombined substitutions was mainly based on obtained property improvements (e.g. 41.5 fold BgAP's activity at low temperature than WT, and 42 times PpADI's activity under physiological conditions compared to WT). In general, it was proved that four to six amino acid substitutions were sufficient to generate significantly improved hydrolase variants (case 3: BgAP MF1 with six substitutions showed over 100 times prolonged half-life at 60 1C; case 5: subtilisin E M6 with six substitutions displayed 193-fold increased half-life in 1 M GdmCl). Table 2 compares common mutagenesis methods in terms of diversity, and ability to generate amino acid substitutions in an iterative manner or simultaneously. All mutagenesis methods in Table 2 can be performed in one day with comparable time requirements. Interestingly, there is a huge difference in the number of different protein variants that can be generated via iterative or simultaneous site saturation mutagenesis. In five subsequent rounds of SSM, one can generate 20 + 20 + 20 + 20 + 20 = 100 different protein variants. CASTing which uses QuikChange based mutagenesis protocols can harbor two to three simultaneously mutated positions in one primer if the targeted positions are in close proximity to each other (r20 amino acids). A QuikChange experiment would be sufficient to generate 400 (20 Â 20; two positions) or 8000 (three positions) different protein variants. Due to primer length limitations, saturation of more than three positions has to our best knowledge not been reported for the CASTing strategy. 31, 32, [76] [77] [78] [79] QuikChange based mutagenesis methods were further advanced to saturate 4 (PFunkel 80 ) to 6 (PFLF-MSDM 81 ) positions simultaneously. In PFLF-MSDM, 81 the multiple site saturation libraries are obtained in a four step procedure in which the first step of QuikChange is replaced by a two-step PCR procedure in which mutations are introduced first through megaprimer formation (step 1) and subsequent whole plasmid amplification (step 2). In total, 40% of the picked clones (30 clones) had all 6 positions mutated. 81 In the PFunkel 80 method, multiple site saturation libraries are obtained by using 5 0 -phosphorylated mutagenic primers and an uracil-containing ssDNA template (similar to Kunkel mutagenesis 82 ) and a ligase is employed in the multi-step procedure. In the case of the PFunkel focused mutagenesis method, B70% of the picked clones (279 clones) were reported to have 4 distant amino acid positions (A42, E104, M182, and G238) mutated. 80 In the case of the QuikChange Multi Site-Directed Mutagenesis Kit, B55% of 40 randomly picked clones had 4 mutated positions. 83 A conceptually different method is OmniChange 59 which employs chemically cleavable phosphorothioate primers and saturates up to five positions simultaneously independent of their distance to each other. OmniChange is a simple four step method which does not require any gel extraction or final PCR amplification steps. Analysis of 48 sequenced clones showed that 92% had all 5 positions mutated.
In general, multi-site saturation mutagenesis methods offer the possibility to dramatically change binding pockets by generating millions of variants to alter especially activity and selectivity of enzymes.
Comparison of the protein evolution strategies
Traditional directed evolution campaigns in which enzymes are improved in iterative rounds of diversity generation and screening were very successful and yielded thousands of success stories. Nevertheless, protein engineering by directed evolution has not become a standard tool in process design. This can be attributed to time requirements of directed evolution campaigns, which often require more than one year of development time and improved enzymes often failed under application conditions. The failure of the improved enzymes in application often occurs when the selected conditions were not sufficiently close to application conditions or a loss of thermal resistance resulted in reduced process or storage stability. Based on the fact that the theoretical protein sequence space cannot be sampled, several knowledge gaining or driven strategies have been developed to reengineer enzyme more efficiently. Table 3 summarizes and benchmarks prominent or recently reported protein engineering strategies (CASTing, FRESO, ProSAR, MORPHING, and KnowVolution) to traditional directed enzyme evolution.
Traditional directed enzyme evolution experiments employ usually epPCR mutant libraries with a low mutation frequency and usually o15 000 clones (often 1000-2000 clones) are screened to find beneficial variants. It is characterized to improve enzyme properties in iterative rounds of diversity generation and screening. Thereby often B50% of the obtained amino acid substitutions are not beneficial for the targeted properties and can negatively affect properties such thermal resistance. The accumulation of beneficial and non-beneficial amino acid substitutions in iterative rounds (often more than 10 amino acid substitution) makes it challenging to pinpoint improved properties to individual amino acids. Additionally, there is often no systematic recombination step for the identified substitutions and cooperative effects will likely be missed due to the low mutation frequency. In essence, traditional directed evolution does often not enable a molecular understanding of the improved properties through beneficial amino acid substitutions. Furthermore, the most beneficial substitutions at beneficial positions are often not identified and the accumulation of beneficial and non-beneficial substitutions often affects properties which are not under selective pressure (e.g. thermal resistance). In the last 15 years, researchers have learned a key lesson that recombination of beneficial positions before the next round of directed evolution yields significantly improved variants with minimized screening efforts. 17, 66, 87 The obtained improvements from recombination were often higher than those obtained in a whole round of directed evolution. Strategies to recombine or to generate more beneficial variants (see Table 2 ), which allow to simultaneously mutagenize up to six amino acid positions, offer nowadays unique possibilities to reshape for example whole substrate binding sites and thereby to go far beyond the diversity which can be generated by random mutagenesis libraries at these positions. Directed evolution 2.0 strategies enable a more rapid enzyme evolution through key beneficial positions which assist researchers to generate a deep molecular understanding of enzyme properties (see prominent examples in Table 3 ). A key question in directed evolution is which clone(s) has/have to be selected for the next round of directed evolution. In traditional directed evolution campaigns, the most beneficial clone(s) was/ were used for the next round of evolution and many iterative rounds (often more than five) were performed to generate significantly improved enzyme variants. Often, amino acid substitutions were located on surfaces of enzymes which prevented a molecular understanding by computational analysis. The proposed KnowVolution strategy overcomes the above mentioned drawbacks and generates improved enzyme variants and a molecular understanding in shorter time. The site saturation mutagenesis step (phase II; Fig. 1 ) at the beneficial positions identifies the most beneficial substitutions and sequencing yields the type(s) and chemical 'characteristics' of amino acid substitutions that can contribute to the improved properties. With this information, computational analysis by structural inspection of the location/ molecular interaction of the identified positions will guide the selection and diversity generation of targeted positions (phase III) for subsequent recombination. Recombination (phase IV) through multi-site saturation mutagenesis or site directed mutagenesis allows to explore efficiently the beneficial sequence space and to yield further improved variants (see Table 1 ) with minimized screening efforts. Structurally guided diversity generation has the general advantages of minimizing screening efforts, e.g. o2000 clones were screened in a FRESCO example to yield a dramatic improvement (a 4250-fold longer half-life of LEH). A key challenge in computationally assisted protein engineering campaigns is the knowledge and/or experimental data required for efficient analysis which hampers their general applicability. For example, FRESCO was designed for improving enzyme thermal stability and computational analysis including calculations of free energies and MD simulations are required ( Table 3) . ProSAR (as a combined strategy) however requires a high screening capacity for generating a sequence-activity dataset, for example, 60 000 clones were screened in the reported case (see ref. 88 for further details).
Conclusions
Currently we are witnessing in protein engineering a paradigm shift from an engineer's approach to improve enzymes in iterative rounds of diversity generation and screening a knowledge-based approach in order to gain a molecular understanding of enzyme properties. The latter is driven by time requirements of directed evolution campaigns, which are today often too long to implement directed evolution as a standard operation in process development. On the long term, the knowledge-based approach will offer to significantly shorten enzyme development time and it is likely that technological advances such as cell-free expression systems in combination with compartmentalized HTS systems (e.g. microfluidic or flow cytometry) will make it possible to achieve a whole round of evolution in one to two days. Combination of knowledge-based developments and advances in directed evolution technologies will likely enable to reduce the development time of enzyme reengineering to one to two months in the upcoming decade so that enzyme engineering can become a central and routine part of process developments.
Consequently, protein engineers have accepted that it is technically impossible to explore the theoretical protein sequence space and several protein engineering strategies emerged in which beneficial positions are identified through computerassisted methods and/or through random mutagenesis experiments with subsequent analysis of regions in which beneficial substitutions cluster. In order to efficiently explore the selected or identified positions, focused mutagenesis methods advanced so that five to six amino acid positions can simultaneously be saturated and thereby up to 3.2 million (five amino acid positions) and 64 million (six amino acid positions) enzyme variants are generated in half a day. These focused mutagenesis libraries will likely have a significant impact on generating superior enzymes in short time frames.
